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Bcl-2 functions as a death repressor molecule in
an evolutionarily conserved cell death pathway.
To furtber explore the role of Bck2 in develop-
ment, we assessed its pattern of expression dur-
ing murine embryogenesis. Immunobistochemi-
cal analysis demonstrates that Bck2 is widely
expressed early in mouse fetal development in tis-
sues derived from all three germ layers and that
this expression becomes restricted with matura-
tion. Within epitbelium, the E12.5 lung bud dem-
onstrates a proximal to distal gradient of Bclk2
expression which is enbanced by E18.5. Bck2 is
expressed througbout the intestinal epitbelium
through E14.5, but by E18.5 only cells inthe crypts
and lower villi express Bck2. In the mesoderm-
derived kidney, BcL2 is expressed in botb the ure-
teric bud and metanepbric cap tissue at E12.5. Tu-
bular structures also express Bcl2, altbough
overall levels drop as the kidney matures. Retinal
neuroepitbelial cells uniformly express Bcl-2 until
cells begin to differentiate and then display the
topograpbic distribution maintained into adull-
bood. The developing limb provides a clear ex-
ample where Bcl2 is restricted to zones of cell
survival; Bck2 is expressed in the digital zones
but not in the interdigital zones of cell death.
The wide distribution of Bcl2 in the develop-
ing mouse suggests that many immature cells re-
quire a death repressor molecule or that Bcl-2
may bave roles beyond regulating developmental
cell death. (Am J Patbol 1994, 145:61-73)

Bcl-2 is translocated into the Ig locus and over-
expressed in the majority of follicular B cell
lymphomas'3 and is oncogenic when overex-

pressed in transgenic mice within B cells.* Bcl-2 is
unigue among oncogenes because it exerts its on-
cogenic effect via the inhibition of apoptosis and not
via enhanced cell cycle progression.*° A variety of in
vitroand in vivomodel systems have shown that over-
expressed Bcl-2 can increase survival when cells are
exposed to many but not all apoptotic stimuli. For ex-
ample, Bcl-2 prevents death of hematopoietic cell
lines after withdrawal of interleukin-3, interleukin-4,
and granulocyte macrophage colony-stimulating fac-
tor, but not interleukin-2 or interleukin-6.67 In trans-
genic mice that express Bcl-2 in immature thymo-
cytes, these cells are resistant to glucocorticoid, anti-
CD3, and +y-irradiation treatments but still undergo
negative selection.®° The expression of Bcl-2 in long-
lived and progenitor cells within adult tissues'© sup-
ports the hypothesis that the role of Bcl-2 in normal
tissues is to enhance cell survival. During lymphocyte
differentiation, low levels of Bcl-2 correlate with in-
creased susceptibility to apoptosis.™’ 2 Thymocytes
from Bcl-2-deficient mice differentiate normally but
become depleted with age; in vitro, thymocytes un-
dergo accelerated death with exposure to apoptotic
stimuli.’® This mouse model demonstrates that Bci-2
is an important regulator of cell survival in vivo.
Bcl-2 is a 25-kd integral membrane protein that
has been localized to mitochondria, nuclear
envelope/perinuclear membrane, and endoplasmic
reticulum.’#'8 Although its precise biochemical role
remains uncertain, Bcl-2 appears to function in an
antioxidant pathway. Expression of Bcl-2 within he-
matopoietic cell lines prevented death in response
to oxidative stresses including hydrogen peroxide
and menadione.’® In this system, Bcl-2 did not alter
the generation of reactive oxygen species but pre-
vented damage to cellular constituents, including
lipid peroxidation. Bcl-2 expression also blocked
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necrotic cell death following glutathione depletion in
a hippocampal cell line.2° Bcl-2 expressing cells
demonstrated decreased peroxides and decreased
lipid peroxidation after this stimulus.

Cell death is a common event during the fetal
and early postnatal development of many tissues.?"
For example, cell death is an important component
of the modeling of the digits in the limb bud. An un-
resolved developmental question is how a cell
knows whether it should survive or self-destruct.
Determining the expression of proteins which regu-
late cell survival is a critical aspect to understand-
ing this process.

Bcl-2 has been shown to prevent programmed
cell death induced by a wide array of signals. This
suggests that Bcl-2 is a central repressor of cell
death that might have an important regulatory role
during the development of many organs. Prior stud-
ies of Bcl-2 in human fetal tissue suggested that its
expression was more widespread in the embryo
than in the adult.2?2 Consequently, we used a mono-
clonal antibody to perform an extensive survey of
the pattern of Bcl-2 expression during critical
periods of murine embryonic development.

Materials and Methods

Animals

C3HXC57BL/6 F, mice were purchased from Taconic
Farms (Germantown, NY). Females were superovu-
lated with pregnant mare serum and human chorionic
gonadotropin (Sigma Chemical Co., St. Louis, MO).
Matings were performed overnight in our own facili-
ties. The morning on which vaginal plugs were ob-
served was considered to be EQ.5. The morning on
which pups were observed was considered to be PO.

Western Blot Analysis

Western blot analysis was performed as described."
Hamster monoclonal antibodies 3F11 (anti-mouse
Bcl-2)'" and TN3 (anti-human tumor necrosis
factor-a, a gift from Dr. R. Schreiber) were purified
from  hybridoma supernatants on protein
A-Sepharose. Rat monoclonal antibody 4C11 (anti-
mouse Bcl-2, a gift from Dr. G. Nunez) was purified
from  hybridoma  supernatant on  protein
G-Sepharose. Polyclonal rabbit serum bci1 (anti-
cytochrome b1) was a gift from Dr. J. Hare. Mouse
monoclonal antibody 3C1-1 (anti-histone H3) was a
gift from Dr. J. Portanova, Monsanto Corp.

Immunohistochemistry

Immunoperoxidase staining was performed using the
hamster monoclonal antibodies 3F11 and TN3 ex-
actly as described.""

Subcellular Fractionation

Whole brains were removed from E16.5 mice and
forced through nylon mesh in hypotonic buffer (42.5
mmol/L KCI, 10 mmol/L HEPES, pH 8.0, 5 mmol/L
MgCl,), then lysed with a dounce four times with a
pestle; this preparation was called the total lysate.
The total lysate was diluted 1:1 with isolation buffer
(0.32mol/L sucrose, 1 mmol/L EGTA pH 8.0, 3mmol/L
MgCl,, 10 mmol/L HEPES pH 8.0) and spun at 200 X
gfor5minutes at4 C. The resulting pellet was washed
once in isolation buffer with 0.2% Triton X-100, resus-
pended in isolation buffer with 0.2% Triton X-100, and
mixed with 6.25 volumes of 2.39 mol/L sucrose. This
sucrose mixture was spun at 60,000 X g for 1 hour at
4 C; the resulting nuclear pellet was washed once in
isolation buffer and then resuspended in a small vol-
ume of isolation buffer. The supernatant from the origi-
nal 200 X g spinwas spun again at 200 X gto remove
residual nuclei, then spun at 3100 X gfor 10 minutes.
The 3100 X g pellet was resuspended in isolation
buffer, loaded over 25% Percoll (Sigma), and spun at
60,000 X g for 1 hour at 4 C. The heavy membrane
fraction appeared as a white fluffy band approxi-
mately 2 cm from the top of the Percoll gradient; this
band was aspirated, washed once in isolation buffer,
and resuspended in a small volume of isolation buffer.
The supernatant from the first 3100 X g spin was spun
again at 3100 X g, then spun at 150,000 X gto sepa-
rate light membranes (pellet) from cytosol (superna-
tant). The cytosol fraction was concentrated fourfold
with a Centriprep 10 (Amicon, Beverly, MA). All frac-
tions were quantitated with the D/C protein assay kit
(Bio-Rad, Hercules, CA), and 50 ug were loaded in
each lane. All solutions contained the protease in-
hibitors aprotinin and phenylmethylsulfonyl fluoride.

Results

Antibody Specificity

To study the distribution of Bc/-2 during development,
the hamster anti-mouse Bcl-2 antibody (Ab) 3F11 was
raised."” This Ab sees a 25-kd band on Western
analysis of the murine pro-B cell line FL5.12 (Figure
1, lane 1) and in a human T cell line CEM-C7 stably
transfected with a murine Bcl2 expression vector
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Figure 1. 3F11 recognizes 25-kd murine Bcl-2. Western analysis of
Iysates from 10° cells from the murine cell line FL5.12 (lane 1), the
buman parent cell line CEM-C7 (lane 2), and the mBcl-2 transfec-
tant CMBS8 (lane 3) hybridized with 3F11 (hamster anti-mouse Bcl-
2). CEM-C7 was transfected with mBcl-2 cDNA in pSSFVNeo to gen-
erate the stable clone CMBS. The bigh molecular weight bands are
not specific to the 3F11 Ab, since they are seen with the goat anti-
hamster Ab alone.

(lane 3). It does not recognize the human Bcl-2 pro-
tein expressed in CEM-C7 (lane 2) or in human
thymus.™"

Distribution of Bcl-2 Protein in Whole
Embryo Sections

To perform a broad survey of Bcl-2 expression, em-
bryos from 10.5 to 18.5 days’' gestation (E10.5 to
E18.5) were sectioned parasagittally and stained with
the anti-Bcl-2 monoclonal antibody 3F11. Bcl-2 ex-
pression was also noted at E8.5, the earliest time point
examined (not shown). At E10.5 (Figure 2B), the most
prominent Bcl-2 expression was found in the imma-
ture neural tissue of the brain (closed arrowhead) and
spinal cord (wide arrow). Bcl-2 protein could also be
seen in the first branchial arch (curved arrow), gut
(thin arrow), and somites (open arrowhead), but was
notably absent from loose connective tissue areas.
At E12.5 (Figure 2C), Bcl-2 expressing cells were
found in the forebrain (large arrowhead), midbrain
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(not shown), and hindbrain (small arrowhead), as well
as in dorsal root ganglia (large arrow). Bcl-2 expres-
sion was also substantial in developing lung (curved
arrow), gut (open arrowhead), and kidney (thin ar-
row), but was noticeably lower in the liver and in the
connective tissues of the head and body.

At E14.5 (Figure 2D), Bcl-2 expression was very
widespread and intense, but not ubiquitous. The
brain had differentiated extensively by this time, and
Bcl-2 expression was no longer as uniform as in the
undifferentiated neuroepithelium of earlier embryos.
Bcl-2 expression was highest in the cortical plate
(large arrowhead), a population of postmitotic neu-
rons which contributes to the mature cortex. Bcl-2
was also found in the proliferative zones adjacent to
the ventricles and in the pituitary (small arrowhead).
However, Bcl-2 staining was absent from the densely
packed thalamus (wide arrow). Outside the nervous
system, the overall pattern of Bcl-2 expression was
similar to that at E12.5; Bc/-2 was identified in the
gut (open arrowhead) but not the liver (open arrow).
Whisker follicles (curved arrow) and hindlimb also
demonstrated Bcl-2 staining.

At E16.5 (Figure 2E), the distribution of Bcl-2 pro-
tein had not changed dramatically from E14.5. Spinal
cord (arrowhead) maintained Bcl-2 protein despite a
high incidence of developmental cell death at this
time. In the kidney (thin arrow), there appeared to be
a gradient of Bcl-2 protein, with the highest levels
found in the immature cap tissue near the surface.
The lung also demonstrated heterogeneous staining
(curved arrow). Hair follicles also expressed Bcl-2,
although intense surface staining of the skin was ar-
tifactual. At E18.5 (Figure 2F), Bcl-2 expression in the
brain was still prominent, but overall staining intensity
in the cortical plate (large arrowhead) decreased as
the cells in this layer differentiated. Staining was still
intense in the nasal epithelium. In the oral cavity, Bcl-2
was found in the epithelial surface of the tongue and
in the ameloblasts and odontoblasts of the incisor bud
(wide arrow). Bel-2 was also identified in the thymus
(curved arrow). Staining in the brown fat deposits
(small arrowhead) and bladder (long arrow) was ar-
tifactual. The overall level of Bcl-2 expression had no-
ticeably decreased relative to E14.5-E16.5.

Subcellular Localization of mBcl-2

Examination of embryo sections at high magnification
revealed Bcl-2 staining throughout most cells over
both the nucleus and cytoplasm. The cortical plate of
the brain at E14.5 to E16.5 displayed intense staining
and was therefore chosen for further localization stud-
ies. Figure 3A shows the typical pattern of staining by
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Figure 2. Bcl-2 expression in the mouse embryo. A: Negative control section of an E14.5 mouse stained with the nonreactive bamster Ab TN3.
Parasagittal sections of embryos at E10.5 (B), E12.5 (C), E14.5 (D), E16.5 (E), and E18.5 (F) were stained with anti-Bcl-2 Ab 3F11. All embryo
sections were stained in the same experiment and were developed identically. At E10.5 (B), symbols denote neuroepithelium of the brain (arrow-
head), spinal cord (wide arrow), gut (thin arrow), somites (open arrowhead), and first branchial arch (curved arrow). At E12.5(C), Bck-2 was
Jfound in forebrain (large arrowhead), hindbrain (small arrowhead), and dorsal root ganglia (large arrow). Staining was also observed in gut
(open arrowhead), kidney (thin arrow), and lung (curved arrow). At E14.5 (D), symbols identify cortical plate (large arrowhead), pituitary (small
arrowhead), and thalamus (wide arrow). Bcl-2 was present in whisker follicles (curved arrow), hindlimb, and gut (open arrowhead), but not in
liver (open arrow). At E16.5 (E), Bck-2 was found in nasal epithelium (wide arrow), spinal cord (arrowhead), lung (curved arrow), and kidney
(thin arrow). Surface epithelial staining was artifactual. At E18.5 (F), overall levels of Bcl-2 bad decreased. Cortical plate (large arrowhead), thy-
mus (curved arrow), and tooth bud (wide arrow) are labeled. Staining of brown fat in the back (small arrowhead) and bladder (thin arrow) was

artifactual. Scale bars = 1 mm.

3F11 Ab (cytoplasmic and nuclear) in cells of the
E16.5 cortical plate. Previous studies of Bcl-2 in hu-
man lymphoid cell lines using confocal microscopy
and subcellular fractionation demonstrated that Bc/-2
was predominantly located within mitochondrial
membranes.’* Confocal microscopy and immuno-
electron microscopy studies have also shown Bc¢l-2 in
endoplasmic reticulum and nuclear membranes but
not within the nucleoplasm.s:8 In Sf9 insect cells ex-
pressing Bcl-2 from a baculovirus vector, Bc-2 was
found in heavy membrane fractions and in nuclear
fractions purified through a 2 mol/L sucrose cushion,

but was not detected within the nucleus by indirect
immunofluorescence.'” To determine whether the
nuclear staining we saw with 3F11 was due to the
immunoperoxidase staining method, sections of cor-
tical plate were stained with FITC-conjugated strepta-
vidin and examined by confocal microscopy. 3F11 Ab
reactivity still appeared in the cytoplasm and over the
nucleus (not shown). To further elucidate the subcel-
lular localization of Bcl-2, cell suspensions fromE16.5
fetal brain were fractionated (Figure 3, B-E). Lysates
from total brain (lane 1), sucrose purified nuclei (lane
2), heavy membrane (lane 3), light membrane (lane



4), or cytosol (lane 5) were separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis and
transferred to nitrocellulose for immunoblotting. Iden-
tical lanes were probed with two independently de-
rived Abs tomBcl-2, hamster Ab 3F11 (Figure 3B) and
rat Ab 4C11 (Figure 3C). These same fractions were
analyzed with an antiserum to the mitochondrial
marker cytochrome b1 (Figure 3D) and with an Ab to
the nuclear marker histone H3 (Figure 3E). Bcl-2 was
detected in the total, heavy membrane and light mem-
brane fractions with both anti-mBc/-2 Abs, but not in
the nuclear fraction. The 25-kd Bcl-2 band was the
only specific product consistently recognized by the
anti-Bcl2 Abs in lysates or in immunoblots of immu-
noprecipitates of up to 1 mg of these lysates (not
shown). These results indicate that 3F11 recognizes
the 25-kd Bcl-2 in the fetal brain and that this protein
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Figure 3. Subcellular localization of Bck2. A:
E16.5 cortical plate stained with 3F11 Ab. Scale
bar = 16 u. B-E: Cell suspensions of E16.5
brain (lane 1) were separated into nuclear
(lane 2), heavy membrane (lane 3), light mem-
brane (lane 4), and cytosol (lane 5) fractions,
subjected to sodium dodecyl sulfate-polyacryl-
amide gel electropboresis, and probed with
anti-Bck2 Ab 3F11 (B), anti-Bcl-2 Ab 4C11 (O),
anti-cytochrome bl antiserum bcl (D), and
anti-bistone H3 Ab 3C1-1 (E). The heavy mem-
brane fraction contains mitochondria and ly-
sosomes. The light membrane fraction contains
plasma membranes and endoplasmic reticu-
lum.

appears to reside primarily in the heavy membrane
fraction, with some protein present in the light mem-
branes as well.

Neurosensory Epithelia

Bcl-2 expression was dramatic in the developing neu-
rosensory epithelia of the ear, nose, and eye. Figure
4A shows a sagittal section through the ear at E18.5.
Bcl-2 expression is high in the sensory hair cells (h)
and inthe associated cochlear spiral ganglion (g), but
is found at much lower levels in the supporting
tissues.

Figure 4B shows a section through the nasal epi-
thelium at E16.5. At this age, olfactory receptors are
maturing from the stem cell population.23 This stem
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Figure 4. Bcl-2 expression in fetal ear and nose. A: Sagittal section of E18.5 inner ear stained with 3F11 Ab. Section shows staining in the sensory
hair cells (b) as well as in the cochlear spiral ganglion (g). Scale bar = 100 u. B: E16.5 nasal epithelium. Staining is more intense in the differ-
entiated receptors (v) than in the proliferating stem cell layer (s). Supporting cells bave not yet developed. Scale bar = 50 p.

cell population proliferates at the luminal surface em-
bryonically, but by E16.5 has begun to move to its
adult basal location. In Figure 4B, the epithelium on
the left has a basal stem cell layer (s), while the epi-
thelium on the right has a superficial proliferating stem
cell layer. Bcl-2 is expressed at higher levels in the
differentiated receptors (r) than in the stem cells. The
same pattern is found in adult olfactory epithelium.24

Bcl-2 expression is uniformly high in the immature
retina from E10.5 to E16.5, except for a few scattered
cells immediately adjacent to the pigment epithelium
in the mitotic zone (Figure 5A, arrow). Developing
vasculature on the inside surface of the retina does
not express Bcl-2 at any time (Figure 5A, arrowhead).
By E18.5, a gradient of expression becomes evident,
with levels of Bck-2 becoming noticeably lower in cells
close to the retinal pigmented epithelium (not shown).
At P3 (Figure 5B) the ganglion cell layer (arrow) is
separated from the rest of the retina. Bcl2 is ex-
pressed in all cells in the ganglion cell layer (arrow),
but the remaining retina has a distinct gradient of
Bcl-2 expression, with outer undifferentiated ventricu-
lar cells containing much lower levels of Bcl-2 protein

than inner differentiated amacrine cells. In the middle
layers, Bcl-2 positive cells can be found intermixed
with Bcl-2 negative cells; these likely reflect the mix-
ture of differentiated and undifferentiated cells found
in this transitional region.

At P5 (Figure 5C), the outer plexiform layer (arrow)
begins to form among differentiating photoreceptors
(mostly rods in the mouse). Photoreceptors which dif-
ferentiate on the inner side of the outer plexiform layer
must migrate through this layer to the outer nuclear
layer. Bcl2 expression is high in the middle layers,
which will soon become the inner nuclear layer (Fig-
ure 5C, inl). However, the adjacent population of inner
rods (ir) expresses low levels of Bcl-2 similar to outer
rods on the opposite side of the outer plexiform layer.
Occasional horizontal cells (arrowhead) can be seen
among the inner rods; these cells contain very high
levels of Bcl-2.

At P7 (Figure 5D), there are only one or two layers
of rods remaining on the inner side of the outer plexi-
form layer (arrow). All of the cells in the inner nuclear
layer except these inner rods express high levels of
Bcel-2. By P11 (Figure 5E), the three distinct layers



have formed with the proper constituent cells. Bcl-2
expression is highest in ganglion cell and inner
nuclear layers and lower in the outer nuclear layer.
Since no more cells are generated after P11, the cel-
lular layers thin as the eye grows to its mature size. At
3 months of age (Figure 5F), the pattern of Bcl-2 ex-
pression in the retina is the same as at P11. Unlike
many neuronal populations, retinal cells maintain
Bcl-2 expression well past the period of differentiation
and cell death.
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Limb Development

The limbs develop from buds consisting of a mixture
of chondrogenic and myogenic cells which migrate
from the somites.2® Cells are thought to be recruited
into condensations of like cell type through interac-
tions of surface adhesion molecules, a process regu-
lated by soluble factors.?26 Chondrogenic cells form
cartilaginous templates from which the limb bones
are derived. Chondrogenic cells in the interdigital
zones either migrate into the digits or die in situ. In the
developing limb, Bcl-2 is expressed in an emerging
digital pattern from E11.5 to E14.5. At E11.5 (Figure
6A), Bcl-2 is expressed at low levels throughout the
bud, with slightly increased levels in presumptive
digital zones. By E12.5 (Figure 6B), aggregations of
chondrogenic cells form a digital pattern; Bcl-2 ex-
pression is high in these digital zones. Of interest,
Bcl-2 levels are lower in cells of the interdigital zone
before the separation of the digits. At E13.5 (Figure
6C), Bcl-2 expression appears to be much more re-
stricted to the digital zones. As the digits separate at
E14.5 (Figure 6D), Bcl-2 is absent in interdigital zones
but is present at high levels in precartilaginous mes-
enchymal condensations surrounding cartilage
plates. Bcl-2 expression is also seen at the tips of
developing long bones in the limbs at this time (not
shown).

Bcl-2 Expression in Organogenesis

The liver is derived from caudal foregut tissue at E9
and is a hematopoietic organ from E12.5 to E18.5.
Hematopoietic cells in the fetal liver are susceptible
to apoptosis.2” At E14.5, Bcl-2 is not found within pa-
renchymal cells but is seen in hematopoietic cells
within the liver (Figure 7). Megakaryocytes (arrows)

Figure 5. Changes in Bck2 expression in the developing retina. Sec-
tions A to F stained with 3F11, section G stained with TN3. A: E16.5
retina shows uniform staining in the neuroepithelium except for scat-
tered cells adjacent to the pigment epithelium (arrow). Endothelial
cells along the inner aspect are denoted with an arrowbead. B: P3
retina shows a gradient of staining from the pigment epithelium to
the ganglion cell layer (arrow). C: PS5 retina shows a well-defined in-
ner plexiform layer separating the ganglion cell layer from the ven-
tricular stratum and the beginnings of an outer plexiform layer (ar-
rOW) within the differentiating rods, creating a population of inner
rods (ir). Bcl-2 expression is bigh in the ganglion cell layer and the
inner third of the ventricular stratum which becomes the inner
nuclear layer (inl). Large cells near the outer plexiform layer which
stain strongly for Bcl-2 are borizontal cells (arrowhead). D: P7 retina
shows a well developed outer plexiform layer with a few rods remain-
ing on the inner side (arrow). E: P11 retina shows the basic adult
structure of the retina. F: 3-month retina shows the outer nuclear
layer (onl), inner nuclear layer (inl), ganglion cell layer (gcD), outer
plexiform layer (opl), and inner plexiform layer (ipl). G: Negative
control section of P5 retina shows very little background staining
with the TN3 Ab. Scale bar (A-G) = 100 u.
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Figure 6. Bck2 expression in the developing forelimb. A: E11.5 limb shows light staining in presumptive digital regions. B: E12.5 limb demon-

strates very strong staining in the digital regions and in the apical ectodermal ridge and weak staining in the interdigital zones. C: E13.5 limb
shows strong staining in the digits and little or no staining in the apical ectodermal ridge and interdigital zones. D: E14.5 limb bas cartilage plates
surrounded by precartilagenous condensations which stain strongly with 3F11. Scale bar = 250 p.

Figure 7. Bcl-2 is expressed in hematopoietic cells in the developing
liver. E14.5 liver shows staining in bematopoietic cells, especially
megakaryocytes (arrow), but not in liver parenchymal cells. Scale
bar = 50 p.

which express high levels of Bcl-2 can easily be iden-
tified in this section. Although the liver has a high re-
generative potential in adult life, Bcl-2 is not ex-
pressed in liver parenchymal cells in the developing
liver at any time nor in the normal adult liver (not
shown).

The epithelium of the bronchial tree is derived from
a budding of the foregut at E10. The lung bud
branches repeatedly to give rise to right and left lungs
and then to successive levels of the bronchial tree. At
E12.5 (Figure 8A), Bcl-2 expression is higher in the
thicker more proximal region of the lung bud (p) than
inthe thinner distal epithelium (d). This proximal-distal
gradient of expression is maintained as cells within
the lung differentiate. By E18.5 (Figure 8B), the lung
is composed of a large number of blood vessels (v)
as well as branching airways (a) leading to functional
alveoli. Bcl-2 is expressed at high levels in the bron-
chiolar cells of the airways but at much lower levels
in the alveoli and blood vessels.

The epithelium of the small intestine is derived from
the midgut. At E14.5, the epithelium is undifferenti-
ated and all cells express high levels of Bcl-2 (Figure

9A). By E16.5, the epithelium has become convoluted
with developing villi, but all epithelial cells continue to
express Bcl-2 equally, although the level may have
dropped from that seen at E14.5 (Figure 9B). AtE18.5,
villi are more pronounced and cells have begun to
differentiate; Bcl-2 expression has become restricted
to the base of the villi (Figure 9C, arrow). This pattern
closely resembles that seen in the adult in which Bcl-2
staining is only present in the cells found in the in-
testinal crypts (Figure 9D, arrow).

The definitive kidney (metanephros) is a
mesoderm-derived tissue; its development depends
on inductive events which occur between the ureteric
bud and the metanephric mesoderm. At E12.5 (Fig-
ure 10A), a branched ureteric bud (u) is surrounded
by a dense metanephric cap (m) and some primitive
tubular structures (t). All of these structures express
high levels of Bcl-2, while the surrounding loose mes-
enchymal tissue expresses lower levels. By E16.5
(Figure 10B) many of the elements of the mature kid-
ney can be found, although the undifferentiated meta-
nephric cap is still present and will generate addi-
tional nephrons. Overall, the level of Bcl-2 expression
at E16.5 is much lower than at E12.5. Bcl-2 is ex-
pressed in the collecting ducts (c), glomeruli (g), tu-
bules (t), and metanephric cap tissue (m), but not in
the cells lining the pelvis (p) or in the loose mesen-
chyme of the renal medulla. In the late embryonic pe-
riod, significant numbers of cells near the immature
metanephric cap undergo cell death, but cells within
tubules and the cap itself do not.28-2° The expression
of Bcl-2 here appears to correlate with cell survival.

Discussion

To delineate the expression of Bcl-2 in development,
we used the 3F11 Ab monospecific for mouse Bcl-2
protein. Characterization of this Ab showed that it
identified the same cell types as the anti-human Bc/-2
Ab 6C8 when used in immunohistochemical and flow



Figure 8. Bck2 expression in lung epithelium. A: E12.5 lung bud
stained with 3F11 showing the thicker proximal epithelium (p) and
thinner distal epithelium (d). B: Section of E18.5 lung contains
proximal airways (a) and alveoli and blood vessels (v). C: Negative
control section of E18.5 lung stained with TN3. Scale bar = 100 u.

cytometric analysis of adult thymus.'®:'" In addition,
in the few tissues which the rat anti-mouse Bcl-2 Ab
will stain in situ (eg, dorsal root ganglia), 3F11 and
4C11 identify the same cell types.2* However, while
the 6C8 and 4C11 monoclonal Abs consistently show
a cytoplasmic staining pattern when used on frozen
tissue sections, 3F11 stains the nucleus as well as the
cytoplasm in many cell types. Another anti-human
Bcl-2 Ab®° has shown staining of mitochondria, en-
doplasmic reticulum, and outer nuclear membrane or
perinuclear membrane. 58 To further address the lo-
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calization of Bcl-2, we performed subcellular fraction-
ation of mouse fetal brain. In these experiments, Bcl-2
(as recognized by 3F11 and 4C11) co-localized pri-
marily with heavy membranes possessing mitochon-
drial markers and with light membranes containing
endoplasmic reticulum and not with nuclei. It is pos-
sible that the nuclear-associated membranes which
have been shown in some studies to contain Bcl-2
may have been removed by our sucrose gradient
centrifugation.

During embryogenesis, Bc-2 could be found in de-
rivatives of all three germ layers; however, this ex-
pression was not ubiquitous. Ectodermal derivatives
that contained Bcl-2 included cells of the central ner-
vous system and peripheral nervous system, retina,
otic and nasal epithelia, and epidermis. Mesodermal
tissues expressing Bcl-2 included chondrocytes, kid-
ney, and tongue muscle. Lung and intestine,
endoderm-derived tissues, also expressed Bcl-2.
Bcl-2 was not found in loose connective tissue zones,
liver parenchymal cells, or in nucleated red blood
cells.

Bcl-2 protein was found at the earliest time point
examined, E8.5, throughout the neuroepithelium. In
fact, Bcl-2 was abundantly expressed in neuronal tis-
sues throughout gestation. The details of neural ex-
pression are described elsewhere.?* As organogen-
esis proceeds, Bcl-2 is expressed in various anlage.
At E10.5, Bcl-2 was found in the eye, gut, and meta-
nephric tissues, as well as in neuroectoderm. By
E12.5, Bcl2 could also be identified in the lung and
mesonephros. In general, Bcl-2 was expressed in all
well-formed structures at E12.5 except the liver pa-
renchyma. During organ differentiation, Bck2 expres-
sion became increasingly restricted to certain cell
types within each tissue. For example, Bcl2 was ex-
pressed throughout the undifferentiated intestinal epi-
thelium but was restricted to the zones of progenitors
as cells within the villi matured.

In some tissues the pattern of Bcl-2 expression cor-
relates with periods of developmental cell death. In
the limb of the mouse, the most prominent regions of
cell death are the interdigital necrotic zones. Bcl-2 is
expressed at high levels in digital zones at E11.5 to
14.5 and at decreasing levels in interdigital zones
through this period. Bcl-2 expression at E14.5 and
later is particularly high in precartilaginous conden-
sations surrounding mature cartilage. Expression of
high levels of Bcl-2 in the chondrocytes which form
the digits may be an important factor in their survival.
Cells in the interdigital zones do not express Bcl-2
and may therefore be susceptible to signals for cell
death. Regression of cells within interdigital necrotic
zones is dependent upon epithelial-mesenchymal in-
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Figure 9. Bcl-2 protein becomes regionally re-
stricted as the intestinal epithelium matures. A:
E14.5 gut bas high levels of Bcl-2 in the epithe-
lial and outer muscular layers. B: E16.5 gut
shows Bcl-2 staining throughout the epithelial
layer. C: E18.5 intestine expresses Bcl-2 only at
the base of the villi (arrow). D: 3-month small
intestine shows Bck2 staining only in crypts
and lower villi (arrow). Overall intensity of
Bcl-2 staining decreases with age. Scale bar =
100 p.

teractions through the basal lamina which separates
these tissues. Normally, the basal lamina degener-
ates and the underlying mesenchyme dies.3' When
the interaction between the interdigital mesenchyme
and its overlying dorsal or apical ectoderm is dis-
rupted, death is decreased and ectopic chondrogen-
esis occurs.32:33 These observations suggest that the
mesenchyme is pre-programmed for chondrogen-
esis but can be induced to die via interactions with the
overlying ectoderm. Down-regulation of Bc/-2 in the
interdigital regions may be important for the induction
of interdigital cell death to occur. However, Bcl-2-
deficient mice have grossly normal limbs, arguing
that Bcl-2 expression is not solely required for the
maintenance of digital architecture.

Bcl-2 expression was examined in detail in the
postnatal retina because cell death in this organ has
been well documented. Cell death occurs in all retinal
cell types and approximately coincides with the pe-
riod of migration and synapse formation represented
by the appearance of the plexiform layers.34-37 How-
ever, the exact timing and extent of death differs
among the layers and occurs in a centroperipheral
gradient. Target cell competition has been suggested
as one cause of cell death in the retina. In the human,
cell loss in the ganglion cell layer coincides with axon
loss in the optic nerve.3® In the rat, contralateral
enucleation or optic tract lesion increases the number

of cells in the ipsilateral ganglion cell layer.®® Another
cause of cell death may be inappropriate migration
within the retina. For example, degenerating ama-
crine cells have been found in the ganglion cell layer,
and dying rods have been found in the inner nuclear
layer.34:35:37 There may be several distinct signals for
cell death in the retina. Bcl-2 is expressed throughout
the period of retinal development and into maturity. As
in many other organs, Bcl-2 is originally expressed
throughout the undifferentiated tissue but becomes
differentially expressed as cells mature. The ganglion
cell and inner nuclear layers uniformly express high
levels of Bck2, while most cells in the outer nuclear
layer express lower levels. These relative levels seem
to be established as soon as cells differentiate and in
the same centroperipheral gradient. Interestingly,
along with their lower expression of Bcl-2, photore-
ceptors seem to have a lower rate of developmental
cell death than other retinal cells.®® Because of this,
there may be less pressure to retain Bc/l-2 expression.
However, in retinitis pigmentosa, a retinal degenera-
tion caused by several gene defects, photoreceptors
are progressively lost, suggesting that photorecep-
tors are susceptible to death. Mouse models of three
of these defects show apoptotic death of photore-
ceptor cells.3® Perhaps the low level of B2 makes
photoreceptors susceptible to death in the presence
of genetic imbalances.
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Figure 10. Bck2 expression in the fetal kidney. A: E12.5 definitive kidney stains strongly for Bcl-2 in the ureteric bud (1), immature tubular struc-

tures (1), and metanepbric cap tissue (m), but only weakly in the loose mesoderm. B: E16.5 kidney shows lower levels of Bck2 staining overall.
Bcl-2 protein remains in metanephric cap tissue (m), glomeruli (g), tubules (1), and collecting ducts (¢), but is not found in the epithelium lining
the renal pelvis (p) or in the loose mesenchyme of the medulla. Scale bars = 100 p.

The kidney is another organ in which cell death is
a prominent feature of development. Apoptosis oc-
curs in mesenchyme-derived cells in islands between
developing nephrons in the nephrogenic zone and in
cells of the distal renal papilla, which may be derived
from the ureteric bud.?®2° However, cell death is not
observed in the undifferentiated metanephric cap or
in the tubules themselves. Mesenchymal cells are in-
duced to become epithelial tubule cells by the ure-
teric bud; in turn, the ureteric bud is induced to
branch by the mesenchyme.4® Among mesenchymal
cells, the pattern of cell death is consistent with ini-
tiation of induction followed by insufficient growth fac-
tor availability. In support of this hypothesis, admin-
istration of epidermal growth factor in vitro and in vivo
greatly reduced the incidence of cell death.282° How
does the expression of Bcl-2 fit into this scheme of
kidney development? From E12.5to E16.5, Bcl-2 was
found at high levels in undifferentiated cap tissue,
ureteric bud, and nephron structures, correlating well
with the lack of cell death in these structures. In the
Bcl-2 —/- mice, kidneys are small and underdevel-

oped by E12.5 (C. Sorenson and S. J. Korsmeyer, in
press) and progress to polycystic kidney disease.'®
Therefore, this pattern of Bcl-2 expression is impor-
tant in kidney development, perhaps in the inductive
relationship between the metanephric cap and ure-
teric bud which dictates differentiation and cell sur-
vival.

Despite the widespread expression of Bcl-2 in
normal embryos, most organs with the exception of
the kidney display relatively normal development in
Bcl-2-deficient mice. This is perhaps surprising, as
Bcl-2 is a central repressor of an evolutionarily con-
served death pathway common to multiceliular or-
ganisms. Bcl2 can even substitute for its homo-
logue, ced-9, in the nematode Caenorhabditis
elegans.?’#2 One possible explanation for the vi-
ability of Bel-2-deficient mice relates to an emerging
family of Bcl-2-related molecules which might pro-
vide a redundancy in death repressor activity dur-
ing embryogenesis. 4345

Bcl-2 expression in many progenitor-type cells of
the adult (such as the crypt cells of intestinal epithe-
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lium and basal cells of epidermis) as well as in most
fetal tissues may reflect a common need for immature
cells to express survival factors in order to overcome
a stage-specific vulnerability to cell death. This ar-
gues that the susceptibility to cell death may be wider
than the observed cell deaths due to the expression
of survival factors such as Bck2. In this context, it will
be important to compare the expression of other Bcl-2
family members with the pattern of Bcl-2 expression
noted here.
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